PERGAMON 1995 https://ntrs.nasa.gov/search.jsp?R=19970003710 2020-03-24T09:36:26+00:00Z _) Pergamon 0045-7930(95)00016-X Abstract--Unsteady flowfields of a two-dimensional oscillating airfoil are calculated using an implicit, fiinite-difference, Navier-Stokes numerical scheme. Five widely used turbulence models are used with the numerical scheme to assess the accuracy and suitability of the models for simulating the retreating blade stall of helicopter rotor in forward flight. Three unsteady flow conditions corresponding to an essentially attached flow, light-stall, and deep-stall cases of an oscillating NACA 0015 wing experiment were chosen as test cases for computations.
. The performance of these models is evaluated for accuracy and robustness by using them to calculate the unsteady, two-dimensional, viscous, flowfields of an oscillating NACA 0015 airfoil. The parameters of grid size, numerical dissipation, and time-step size was varied to arrive at a set of these parameters for accuracy and robustness. The accuracy is validated by comparison with oscillating wing experimental data [19] measured at the U.S. Army Aeroflightdynamics Directorate at the NASA Ames Research Center. The eventual objective of this study is to identify a turbulence model that calculates accurately the flow physics of unsteady boundary layer, its separation and reattachment process, and that is appropriate for modeling the three-dimensional retreating blade stall of a helicopter rotor in forward flight.
GOVERNING EQUATIONS
The governing equations considered are the Reynolds-averaged, two-dimensional, Navier-Stokes equations in strong conservation-law form. These can be written in a generalized body-conforming curvilinear coordinate system (_, r/, r) as follows [20] : ! _0 + c_¢_ e + _,b" = _e (c_ + _.g) (l)
where ¢ = ¢(x,y, t), r/ = r/(x,y, t), and r = t. Here (x,y, t) is the inertial coordinate system; x is in the streamwise direction and y is normal to it. Also, Q is the vector of conserved flow variables; and i6 are the inviscid flux vectors. These are given by
The vectors ,_ and _ are the viscous stress vectors in the _ and r/directions, respectively.
The viscous terms may be retained in both directions to resolve massive separation and these are considered in the thin layer approximation.
For example, the vector in the t1-direction is written as speed of sound; Re is the Reynolds number; Pr is the Prandtl number; 7 is the ratio of specific heats; and p is the viscosity coefficient normalized by its free-stream value. The pressure is related to the density and total energy through the equation of state for an ideal gas given by,
Finally, the rotational speed of the airfoil, co, is obtained from the type of motion prescribed as co = d_/dt. so the latter was used.
Johnson-King (J-K) model
The above two models, viz., the B-L and RNG models, are termed equilibrium models meaning that the eddy viscosity instantaneously adjusts to the local flow without any history effects. The next three models presented are called non-equilibrium models in which the calculated eddy viscosity accounts for the upstream history of the flow. The eddy viscosity is given by
where v_,, v_ describe the eddy viscosity variation in the inner and outer part of the boundary layer. The inner eddy viscosity is computed as
where the constant A + = 15. The outer eddy viscosity is given by
where 6" is the boundary layer displacement thickness, y is the Klebanoff's intermittency function given by 7 = [1 + 5.5(y/6)6] -t, and a(x) is obtained from the solution of an ordinary differential equation which describes the development of -u'W'lm,x along the path of the maximum shear stress. The effects of convection and diffusion on the Reynolds shear stress development are accounted from the solution of the following ordinary differential equation
, 
The boundary layer thickness, 6, is determined in the same way as explained in the discussion of the RNG model. The equilibrium shear stress geq in equation (8) is determined from the following equilibrium eddy viscosity distribution
where U_ is the velocity at the edge of the boundary layer.
An implicit Euler method is used for the numerical solution of equation (8), and the maximum shear stress at each iteration level is updated as follows
It should be noted that the unsteady term is neglected in the above formulation.
Solutions with
the Johnson-King turbulence model are obtained as follows. First a convergent solution using the Baldwin Lomax turbulence model for the entire flowfield is obtained. Then the Johnson-King model is applied only to the upper surface of the airfoil as using it for both the surfaces did not change the results. To initiate the solution a(x) in equation (7) is set unity and it is allowed to change according to equation (I 1) . It should be noted that the Johnson-King model reduces to the Cebeci-Smith model [22] when a(x) is identically equal to one.
One-equation models
The B L and the RNG models are equilibrium models, in which the production is identically equal to the dissipation.
The J-K model is an improvement over the equilibrium turbulence models because it accounts for the evolution of the maximum shear stress through the solution of an ordinary differential equation (ODE). It, therefore, attempts to calculate the non-equilibrium turbulent boundary layer. The validity of the models discussed thus far is limited and questionable when applied to a flow environment consisting of unsteady separated flow with multiple shear layers.
Recently, several one-equation models have been developed for use in place of these lower-order turbulence models. In the present investigation two such models are considered for investigation.
These are the Baldwin Barth [17] and Spalart AIImaras [18] models. The primary advantage of these models is that they do not require the evaluation of flow-dependent length scales, such as the boundary layer thickness. The validity of these models for steady flows has been demonstrated, but only in a limited sense. In the present investigation these models are tested for several unsteady attached and separated flows over oscillating airfoil.
Baldwin-Barth (B-B) model
This one-equation model [I 7] is derived from the simplified form of the k -_ model equations. It solves a partial differential equation for the modified turbulent Reynolds number v/_v from
This equation solves for the field quantity R-r=k2/vc =/?Tf3(/_v), named turbulent Reynolds number.
The turbulent Reynolds number is related to the eddy viscosity as
Here y+ = u_y/v and u=is the skin friction velocity. The constants used for the B-B model are the same as in their original paper [17] and are given by:
This model is applied to the entire flowfield to compute the eddy viscosity.
Spalart-Allmaras (S-A) model
The second one-equation model used in the present investigation is the Spalart-Allmaras (S-A) model [18] . This model requires the solution of a transport partial differential equation for the turbulent eddy viscosity. This equation was constructed using empirical criteria and arguments from dimensional analysis. It has many similarities with the B-B model. The S-A model also has a provision for transition onset at any specified location, although the present investigation treats the boundary layer as turbulent on the entire surface. The eddy viscosity is obtained from the solution of the following partial differential equation.
[ -
where
where X = 9/v and cot_ is used here to denote the vorticity on the wall at the boundary layer trip point. The constants of this model have been chosen the same as in the original reference [18] , and the transition location was set at the airfoil leading edge. The model constants are:
The computational costs vary widely for these models. The relative costs for these five turbulence models is discussed at the end of Results Section. [19] . Examination of these airloads indicates that at the lower angle of _ = 13 _, the J-K and B-B models did better in predicting the overall airloads than the B L model, although these models failed to predict the drag and pitching moment accurately.
RESULTS

AND DISCUSSION
At the stalled condition of ct = IT the flow was highly unsteady.
The and also with loads predicted by other models. The B-L model also performs poorly in predicting the lift and pitching-moment for different reasons. It consistently predicts higher lift and lower pitching-moments compared to the rest of the models. It must be pointed out that the scales used in presenting the airloads in Fig. 2 are expanded to bring out the differences clearly for various turbulence models, but in the scales used for airloads in the rest of the study, the results are well within the range of experimental scatter and the differences for the various turbulence models. The trends of the calculated results in Fig. 2 As seen in Fig. 4 , a time-step of At = 0.0108 corresponding to 10,000 time-steps per cycle is a good compromise, and this is the number used for calculating most of the cases presented in this study.
The numerical results presented in Fig. 5 show that the unsteady airloads and pitching-moment are very sensitive to the dissipation coefficient ¢_. The unsteady flowfields are calculated using a At = 0.0108 on a 361 x 71 grid with J K turbulence model. For the four values of ce used, the upstroke results of lift, drag, and pitching-moment are nearly the same. Differences are seen for the downstroke. The explicit numerical dissipation apparently alters the boundary layer separation at the highest angle of attack around the peak of upstroke and also the reattachment process of boundary layer during downstroke. The evaluation and the selection of an optimal value of _ is done by comparing with unsteady airloads determined from experiments [19] . For example, a value of 0.02 for _ appears to be too small as it delays reattachment, as is evident from Fig. 5(a) . Also, this value of _ produces nonphysical oscillatory airloads for the retreating part of the oscillating cycle for mean angles exceeding I !'. On the other hand, a value that exceeds 0.05 seems to produce premature reattachment, although it appears to give better agreement for drag and pitching-moment hysteresis during the downstroke. Choosing an optimal value of _e is therefore subjected to some degree of uncertainty. The uncertainties associated with the selection of _¢ are comparable to the differences produced duc to variations in turbulence models. This is particularly true for the retreating part of the cycle. Based on these arguments, a value of _, = 0.05 is chosen as a reference value for the rest of the calculations. Figure 6 presents the unsteady airloads results calculated on different grids. Again, the J--K model is used along with _e = 0.05 and At = 0.0108 for these calculations.
The grids used in this study have the same wall spacing of the first grid point in the normal direction and the grid boundaries are located at the same distance from the airfoil. As noted before, a typical value of y+ for these grids is O(1) at the midchord and there are approx. 25 points in the boundary layer. The streamwise grid resolution is varied for grids having 181 x 71,361 × 71, and 671 × 71 points keeping the normal distribution same. The comparison of results in Fig. 6 shows sensitivity of the numerical solution to the grids used. A close inspection of these results shows that the 361 x 71and 671 × 71-points grids give nearly identical results. The indication of nearly grid independency with at least 361 points in the streamwise direction is perhaps adequate for purposes of evaluating turbulence models.
Further examination of results presented in Fig. 6 indicates that the assessment of spatial grid resolution for the normal direction from grids 361 × 71 and 361 × 141 is less satisfactorily resolved.
Although the grids have the same normal spacing of the first grid point at the wall as indicated above, its distribution in the near-wall region in the boundary layer and separated flow regions are quite different. This produces significant changes in q and Cm on the downstroke as seen in Fig.   6 (a) and Fig. 6(c) . This suggests that although the 361-point grid in the _ direction is adequate to give grid-independence solution, the results from the 361 × 71 and 361 x 141 grids show that the 71-points grid in the _/direction is not yielding a fully grid-converged solution. In fact, the differences between the solutions from these two grids are no greater than the differences produced by various turbulence models. to be adjusted for each grid for accuracy. This is particularly true for unsteady flowfield calculations.
In contrast, the steady flowfield simulations are not as sensitive to the range of ct. used here.
Therefore, it is not surprising that even a finer grid in the normal direction has produced poor results for these unsteady flows because of a single value of (_ used for all the grids. It appears that from among the grids used here, the individual grids having 361 x 71 and 671 x 71 points are welt matched with a dissipation coefficient of (_ = 0.05 to produce acceptable results.
In fact. the differences produced in the airloads by various grids are comparable to the difference seen for a given grid using different turbulence models. It may be worth mentioning that alternative to using a central-difference numerical scheme with added dissipation is to use a self-dissipative upwinddifference method [24, 25] . Such methods are found to be less sensitive to grid variation.
A similar result of grid-sensitive study using the B B model is presented in Fig. 7 for the same grids. These results are also calculated using the same values of At and c_ as those in Fig. 6 . The unsteady airloads here show less sensitivity to the grid size. As seen, the drag and pitching-moment have better agreement with experiment for both upstroke and downstroke, but the lift on the downstroke has very poor agreement with experiment indicating that the flow reattachment is not complete until alter the upstroke begins, which is attributable to the property of turbulence model.
From these two grid refinement studies, the 361 x 71 grid was chosen as the optimum grid for a given value of At = 0.0108 and _ = 0.05 and this grid is used for all further results presented. Using the above mentioned arguements for selecting reasonable values for At, c_, and the 316 x 71 points grid, unsteady flowfield solutions are calculated using the five turbulence models. Figure 8 presents the unsteady airloads results from these solutions. The B-B model shows a very slow recovery process once the boundary layer is separated and the reattachment is not complete until after the downstroke is complete and the upstroke begins. Therefore, the lift stays very low until the upstroke begins. Although not apparent in the drag curve, this is also seen clearly in the pitching-moment curve towards the end of downstroke.
TheRNGandJ-K models produce nearlythesame extent of separation whichis muchlarger thanwhatthe B-B model produces. Theyalsoappear to havesimilarflow recovery in the downstroke muchbetterthan the B-B model.Both modelspredictvery similardragand pitching-moment thatarein pooragreement withexperiment forthedownstroke. TheS-Amodel produces separation similarin extent to theB--Bmodel, buthasgoodflowrecovery justlikethe J K model. Thelift hysteresis for thismodel is in goodagreement withexperiment, liketheJ-K model, andthedragandpitching-moment arein betteragreement withexperiment thantheJ-K model but not asgoodastheB-B model. All the models except theB-B model predict poor pitching-moments. The B-B model produces nearly the right amount of separation and, that is the reason, it predicts pitching-moment correctly including its cusp-like behavior at the end of upstroke. The hump-like behavior at the end of downstroke is the result of poor boundary layer recovery due to slow reattachment as discussed before. In general, all models predict the unsteady airloads reasonably well for the upstroke and they all behave differently during the downstroke. the dynamic stall vortex is initiated by the leading edge separation under similar conditions. The phenomenon appears the same for this NACA 0012 airfoil whether the boundary layer is tripped in the leading edge region or not. The difference between the two airfoils is the difference in their leading edge curvature.
Therefore, the reason for the attached flow scenario for NACA 0015 airfoil is the slow accelaration of flow around the leading edge region compared to NACA 0012 airfoil at the same flow conditions. There are also differences due to the compressibility for the two airfoils. It has been observed in the studies of Ref.
[26] that shock waves are produced in the leading edge region for NACA 0012 airfoil when the airfoil is pitched to angles exceeding 14°during the upstroke of the oscillatory cycle for M, greater than 0.3. These shocklets in the leading edge region trigger flow separation and initiate the formation of a leading edge dynamic stall vortex which will subsequently dominate the flow during the rest of the oscillatory cycle. In constrast, there is no evidence from either experiments or computations of the presence of shocks or boundary layer separation in the leading edge region for the NACA 0015 airfoil. The only place where separation originates for this airfoil is in the trailing edge region. This observation holds true even for results presented later for larger mean angle cases. Figure 9 shows the harmonic components of unsteady pressures calculated for this light-stall case using the J K and B-B models. All four parts of this figure are different from those of the preceding attached flow case for % = 4°shown in Fig. 3 . The large changes seen in these curves can be attributed to the nonlinear behavior of the flow at this mean angle of ct0 = I 1°. The two models predict very similar mean and in-phase components.
But the very different pitching-moments produced by the two models is apparent in the out-of-phase component. Fig. 9 and also of the unseparated flow presented in Fig. 3 . Only the mean-component is qualitatively similar in shape to Fig. 9(a) . The in-phase, out-of-phase, and the second harmonic Fig. 13 is for the point marked S in Fig. 15(a) .
Cm
The instantaneous streamline pictures of Fig. 15 Figure 16 shows a view of the streakline pattern of the flow picture shown in Fig. 15(d) at 16 _'downstroke for the B B model. As seen here, the flow pattern and the details shown by the streaklines are phenomenally different compared to Fig. 15(d) . The large-scale dynamic-stall vortex (VI), the pairing of vortices downstream of trailing-edge (V2), and a diffused pair of vortices further downstream of this (V3) is something that is not apparent from the instantaneous streamline patterns of Fig. 15(d) . Therefore, it is necessary to be cautious in interpreting instantaneous steamline patterns of unsteady flowfield.
A The J-K model predicts C'_ and C_ loops that are incorrect both for the upstroke and downstroke.
Although the S A model has the right trends for drag and pitching-moment, it produces separation too early, with the result it underpredicts the peak drag and pitching-moments.
The B-B model calculates all the three components fairly accurately.
The RNG model has good predictions for the upstroke but has oscillatory behavior for the downstroke. associated with the selection of _e and grid clustering in the r/direction were found to be comparable to the differences among various turbulence models. All calculations were performed with one set of these selected parameters. 
